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The dephosphorylation f the modulator subunit is an essential step in the kinase. FA-mediated activation 
of the ATP,Mg-dependent protein phosphatase. Mg3+ is implicated in this autocatalytic dephosphorylation 
which is not effected by the addition of phosphoinhibitor-1. Dephosphorylation f free modulator by the 
catalytic subunit is also largely Mg3+-dependent bu can be abolished by phosphoinhibitor-1 in concentra- 
tions comparable tothe amount of modulator used as substrate (micromolar). The phosphorylase phospha- 
tase activity of the catalytic subunit is inhibited by nanomolar concentrations of phosphoinhibitor-1 and 
is completely independent of divalent cations. 
ATP,Mg-dependent protein phosphatase; Modulator protein; Inhibitor-l; Protein kinase FA; MgZ + 
1. INTRODUCTION 
The ATP,Mg-dependent protein phosphatase 
comprises a family of enzyme forms with a broad 
substrate specificity, whose catalytic subunit can 
interconvert between an active and inactive confor- 
mation through the specific actions of protein 
kinase FA and the modulator protein [ 1,2]. Inhib- 
itor-l is implicated in the hormonal regulation of 
glycogen metabolism [3-51 and inhibits the 
ATP,Mg-dependent phosphorylase phosphatase 
activity at physiological (nanomolar) concentra- 
tions [3]. 
The inactive ATP,Mg-dependent protein phos- 
phatase is composed of a 38 kDa catalytic subunit 
and a 32 kDa modulator subunit [2]. The initial 
step in the phosphatase activation is the kinase FA- 
mediated phosphorylation of the modulator sub- 
unit [6], which induces a conformational change in 
the catalytic unit [2]. A subsequent autocatalytic 
dephosphorylation of the modulator subunit is a 
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prerequisite for the expression of the phosphatase 
activity towards exogenous substrates [7]. Mg*+ 
has been implicated in the transition of the cata- 
lytic subunit to the active form [8] as well as in the 
autodephosphorylation reaction [9, lo]. 
Since the inactive ATP,Mg-dependent phos- 
phatase as well as inhibitor-l are both present in 
the cytosol [l], it seemed worthwhile to investigate 
the effect of inhibitor-l on the kinase FA-mediated 
activation of the phosphatase. We have also com- 
pared the autodephosphorylation of the activated 
enzyme with the dephosphorylation of free phos- 
phomodulator by the isolated catalytic subunit. 
2. MATERIALS AND METHODS 
Materials and methods were essentially as de- 
scribed in [7,8,11,12]. The inactive ATP,Mg- 
dependent phosphatase [12] had a specific activity 
of 25000 U/mg when measured after a 10 min 
preincubation at 30°C with kinase FA, 0.1 mM 
ATP and 0.5 mM Mg*+, using phosphorylase a (2 
mg/ml) as substrate. One unit of phosphatase 
releases 1 nmol [32P]phosphate per min at 30°C 
from 32P-labeled protein substrates. Kinase FA [ 131 
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and the active catalytic subunit of the ATP,Mg- 
dependent protein phosphatase with a specific ac- 
tivity of 10000 U/mg [14] were isolated as de- 
scribed. 
In order to measure the kinase FA-mediated ac- 
tivation of the phosphatase in the presence of 
inhibitor-l, trypsin treatment was performed using 
50 pg/ml of TPCK-treated trypsin (Sigma) to 
destroy the inhibitor before phosphatase assay 
[15]. Trypsin destroys the inactive enzyme as well 
as the kinase FA, but does not impair the activity 
of the activated phosphatase [7,8,12]. Proteolysis 
(2 min at 30°C) was stopped by the addition of ex- 
cess soybean trypsin inhibitor (Sigma). 
Inhibitor-l [16], phosphorylated by the cyclic 
AMP-dependent protein kinase [17], was freed of 
the kinase by an additional boiling step. The 
bovine heart cyclic AMP-dependent protein kinase 
(catalytic subunit) was a generous gift of D.A. 
Walsh (USA). 
3. RESULTS AND DISCUSSION 
3.1. Phosphorylation of modulator subunit 
during the kinase FA-mediated activation of 
the A TP,Mg-dependent phosphatase 
Incubation of the inactive enzyme with kinase FA 
and [32P]ATP,Mg resulted in rapid and complete 
activation of the phosphatase. However, due to the 
transient nature of the modulator phosphorylation 
[6,13] the incorporation of [32P]phosphate into the 
modulator subunit never exceeded 0.04 mol/mol 
(fig.1). Addition of phosphoinhibitor-1 at a con- 
centration which completely abolished the phos- 
phorylase phosphatase activity (the activity 
measured without trypsin treatment) did not result 
in increased [32P]phosphate incorporation into the 
modulator subunit, and did not affect the activa- 
tion of the enzyme (phosphatase activity measured 
after trypsin treatment as compared with activity 
observed in the absence of inhibitor-l). These 
results suggest that a 20-fold molar excess of 
inhibitor-l over phosphatase did not block the 
autocatalytic dephosphorylation of the activated 
ATP,Mg-dependent phosphatase. 
3.2. Dephosphorylation of free modulator by the 
phosphatase catalytic subunit 
The modulator subunit of the inactive ATP,Mg- 
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dependent phosphatase was dissociated from the 
complex by a boiling step and subsequently phos- 
phorylated by kinase FA and [32P]ATP,Mg to a 
level of 0.3 mol [32P]phosphate/mol modulator. 
The heat-stable modulator protein was reisolated 
by boiling the reaction mixture followed by Sepha- 
dex G-50 gel filtration. All radioactivity was 
localized in the 32 kDa modulator protein staining 
band on SDS-polyacrylamide gel electrophoresis 
(not shown). 
The phosphatase activity of the active catalytic 
subunit was measured under different conditions 
with phosphorylase a or phosphorylated modu- 
lator as substrate. The phosphorylase phosphatase 
activity of the catalytic unit was independent of 
added Mg*+ and was completely blocked by the 
phosphoinhibitor-1 (fig.2A). Inhibitor-l was not 
dephosphorylated or inactivated under the assay 
conditions used, with or without Mg*+ present (not 
shown). Using the phosphorylated modulator as 
substrate, the phosphatase activity was quite dif- 
ferently affected by Mg*+ and inhibitor-l. The 
dephosphorylation of modulator was greatly 
Mg*+-dependent: 5 mM Mg*+ stimulated the 
phosphatase activity 4-5-fold (fig.2B). In addition, 
whereas the phosphorylase phosphatase activity 
was completely blocked by the addition of 50 ng 
inhibitor-l, much higher concentrations of inhib- 
itor-l were necessary to inhibit the modulator 
dephosphorylation significantly (fig.2B). The 
presence or absence of Mg*+ did not influence this 
sensitivity of the enzyme to inhibitor-l, using 
either one of the substrates. ’ 
The observation that such high concentrations 
of phosphoinhibitor-1 (5 ,ug/30 ~1 assay mixture 
containing 6 ng catalytic subunit) are necessary to 
block the dephosphorylation of modulator is easily 
explained if one assumes that modulator and 
inhibitor-l compete for the same inhibitory 
binding site on the catalytic subunit. Phosphoin- 
hibitor-1 and modulator (inhibitor-2) are about 
equally effective inhibitors of the phosphorylase 
phosphatase activity [ 181. Since modulator, as sub- 
strate, is used at a concentration of about 3 pug/30 
~1 assay mixture, one would have to use com- 
parable or even higher concentrations of phospho- 
inhibitor-l in order to observe the expected 
inhibiton of the enzyme activity. 
The effect of phosphoinhibitor-1 on the modu- 
lator dephosphorylation by the active catalytic 
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Fig. 1. Incorporation of [32P]phosphate into the modu- 
lator protein during the kinase FA-mediated activation of 
the ATP,Mg-dependent phosphatase. 1 pg ATP,Mg- 
dependent phosphatase was incubated (20 ~1) with 1 pg 
kinase FA, 50aM [32P]ATP (spec. act. 10000 cpm/pmol) 
and 1 mM Mg*+, in the presence (q , n , A) or absence 
(o,o) of 10 pg phosphoinhibitor-I. At the times indi- 
cated, a 1 pl aliquot was taken to determine the phos- 
phatase activity after (o,=) or without (A) trypsin 
treatment and appropriate dilution and 24 aliquots 
were analyzed by polyacrylamide gel electrophoresis in 
the presence of SDS after addition of 1 pg unlabeled 
modulator. The modulator staining band was cut out of 
the gel to determine the 32P label incorporated (0,~). 
subunit is not in agreement with the results pre- 
sented above on the autodephosphorylation of the 
activated phosphatase. This discrepancy cannot be 
due to the modulator protein itself which origi- 
nated from the same source and is phosphorylated 
by kinase FA at a single threonine residue [6]. In the 
‘native’ complex the modulator subunit could be 
dephosphorylated at an active site different from 
the site where exogenous substrates are dephos- 
phorylated. Another explanation is that in the in- 
active phosphatase, the modulator subunit is 
bound in such a fashion that after phosphorylation 
its threonine-phosphate is presented to the active 
site of the enzyme in a specific manner, different 
from the way other phosphosubstrates, including 
exogenously added phosphomodulator, introduce 
their phosphorylated residues. It is conceivable 
that in the dephosphoryiation assay of the modu- 
lator by the active catalytic subunit, the phosphor- 
ylated modulator binds at the general substrate 
binding site instead of at the original modulator 
Active catalytic subunit i ng ) 
Fig.2. Dephosphorylation of free phosphomodulator by 
the active catalytic subunit of the ATP,Mg-dependent 
phosphatase. (A) Phosphorylase phosphatase activity of 
the catalytic subunit (10000 LJ/mg) in the presence 
(-) or absence (+. a) of 5 mM Mg*+; control values 
(0) or activity in the presence of 50 ng (A) or 5 pg (A) 
phosphoinhibitor-1. The assay mixture was 30 ~1, and 
the assay time 10 min; 100% means total dephosphor- 
ylation of phosphorylase a (2 mg/ml). (B) Modulator 
(0.1 mg/ml) dephosphorylation by the active catalytic 
subunit (10000 U phosphorylase phosphatase activity/ 
mg) in the presence or absence of Mg2+ and phospho- 
inhibitor-l. Symbols as in A. 
subunit-binding site. In this hypothesis, the de- 
phosphorylation of all exogenous phosphopro- 
teins, including free phosphomodulator, would be 
inhibited by phosphoinhibitor-1. It should be 
noted that inhibitor-l itself is not dephosphoryl- 
ated by any form of the ATP,Mg-dependent phos- 
phatase unless non-physiological concentrations of 
Mn2+ are included in the assay [ 181. 
Tonks and Cohen [19] reported that dephos- 
phorylation of modulator (0.6 FM) by the active 
catalytic subunit was not influenced by the addi- 
tion of 0.2 PM inhibitor-l, and concluded that the 
modulator dephosphorylation process was insen- 
sitive to inhibitor-l; The results presented here 
agree with their experimental data but not with 
their conclusions, for the reasons stated above. 
The stimulation of the modulator dephosphor- 
ylation by Mg*+ is in agreement with the Mg*+ re- 
quirement for autodephosphorylation of the 
activated ATP,Mg-dependent phosphatase 19, lo]. 
The inactive catalytic subunit was also able to 
dephosphorylate the phosphomodulator upon ad- 
dition of Mg*+ alone, without kinase Fa or ATP 
(not shown). 
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4. CONCLUSIONS 
The inhibition characteristics of the isolated 
catalytic subunit suggest hat the phosphoinhibi- 
tor-1 and modulator may compete for the inhibi- 
tion site on the active catalytic subunit of the 
ATP,Mg-dependent protein phosphatase. This in- 
hibitory site does not seem to be accessible to the 
phosphoinhibitor-1 in the native inactive enzyme, 
which contains a modulator subunit. The activa- 
tion of the inactive phosphatase by kinase Fn in- 
volves a phosphorylation-dephosphorylation cycle 
of the modulator subunit, and this process is not 
affected by the phosphoinhibitor-1, although the 
resulting phosphorylase phosphatase activity (of 
the autodephosphorylated enzyme) is inhibitor-l - 
sensitive. Thus, the autocatalytic dephosphoryla- 
tion of the modulator subunit, which results in 
phosphatase activity towards exogenous sub- 
strates, could also open up the ‘inhibition site’ for 
phosphoinhibitor-1 . This may involve the translo- 
cation of the modulator to another site on the 
catalytic subunit. The catalytic subunit has been 
reported to contain two different modulator 
binding sites [7,12,19]. The inhibition site may well 
be localized at the active center of the enzyme, 
since both phosphorylated heat-stable proteins are 
dephosphorylated by the catalytic subunit in the 
presence of divalent metal ions ([9,10,18]; this 
work). 
ACKNOWLEDGEMENTS 
This work was supported by grants from the Na- 
tionaal Fonds voor Geneeskundig Wetenschap- 
pelijk Onderzoek and from the Onderzoeksfonds 
K.U. Leuven. J.R.V. is Senior Research Associate 
and C.V.A. a Research Assistant of the Nationaal 
Fonds voor Wetenschappelijk Onderzoek. 
REFERENCES 
[1] Merlevede, W., Vandenheede, J.R., Goris, J. and 
Yang, S.-D. (1984) Curr. Top. Cell. Regul. 23, 
177-215. 
[2] Vandenheede, J.R. and Merlevede, W. (1985) Adv. 
Prot. Phosphatases 1, 87-103. 
[3] Foulkes, J.G. and Cohen, P. (1979) Eur. J. Bio- 
them. 97, 251-256. 
[4] Foulkes, J.G., Jefferson, L.S. and Cohen, P. 
(1980) FEBS Lett. 112, 21-24. 
[5] Khatra, B.S., Chiasson, J.-L., Shikama, H., 
Exton, J.H. and Soderling, T.R. (1980) FEBS Lett. 
114, 253-256. 
[6] Resink, T. J., Hemmings, B.A., Tung, H.Y .L. and 
Cohen, P. (1983) Eur. J. Biochem. 133, 455-461. 
[7] Vandenheede, J.R., Yang, S.-D., Merlevede, W., 
Jurgensen, S.R. and Chock, P.B. (1985) J. Biol. 
Chem. 260, 10512-10516. 
[8] Vandenheede, J.R., Vanden Abeele, C. and 
Merlevede, W. (1986) Biochem. Biophys. Res. 
Commun. 136, 16-21. 
[9] Li, H.-C., Price, D.J. and Tabarini, D. (1985) J. 
Biol. Chem. 260, 64166426. 
[lo] Price, D. J., Tabarini, D. and Li, H.-C. (1986) Eur. 
J. Biochem. 158, 635-645. 
[11] Jurgensen, S.R., Shatter, E., Huang, C.Y., Chock, 
P.B., Yang, S.-D., Vandenheede, J.R. and 
Merlevede, W. (1984) J. Biol. Chem. 259, 
5864-5870. 
[12] Vandenheede, J.R., Vanden Abeele, C. and 
Merlevede, W. (1986) Biochem. Biophys. Res. 
Commun. 135, 367-373. 
[13] Sivaramakrishnan, S., Vandenheede, J.R., and 
Merlevede, W. (1983) Adv. Enzyme Regul. 21, 
321-330. 
[14] Tung, H.Y.L., Resink, T.J., Hemmings, B.A., 
Shenolikar, S. and Cohen, P. (1984) Eur. J. Bio- 
them. 138, 635641. 
[15] Vandenheede, J.R., Van Lint, J., Vanden Abeele, 
C. and Merlevede, W. (1987) FEBS Lett. 211, 
190-194. 
[16] Aitken, A., Bilham, T. and Cohen, P. (1982) Eur. 
J. Biochem. 126, 235-246. 
[17] Beavo, J., Bechtel, P. and Krebs, E.G. (1974) 
Methods Enzymol. 38, 299-308. 
[18] Foulkes, J.G., Strada, S.J., Henderson, P.J.T. and 
Cohen, P. (1983) Eur. J. Biochem. 132, 309-313. 
[19] Tonks, N.K. and Cohen, P. (1984) Eur. J. Bio- 
them. 145, 65-70. 
294 
